Abstract-A micro-Pirani pressure sensor, which consists of a pressure-dependent thermoresistance gauge, is traditionally exploited using a steady-state resistance measurement. Any signal variation occurs over an offset voltage due to the imperfection of the device, which affects the sensor's sensitivity. This paper presents, for the first time, an experimental investigation of a micro-Pirani gauge based on its dynamic behavior when heated by a current step. Such processing magnifies the pressure dependence of the gauge's signal by eliminating the constant offset influences on the measurement. Furthermore, a first-order low-pass filter step response identification of the experimental transient signal strongly reduces the noise influence on the measurement. Furthermore, such identification enables a direct calculation of the time constant. This paper investigates the pressure measurement based on the time-constant evaluation, which provides a range of measurement and a maximal sensitivity significantly shifted toward the atmospheric pressure compared to that of a traditionally processed Pirani gauge. The heating step, the recording of the transient response signal, and its digital postprocessing can be easily achieved by a small-sized controller. The proposed system provides a substantial performance enhancement of the micro-Pirani pressure sensor.
High-Resolution Micro-Pirani Pressure Sensor
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Digital Object Identifier 10.1109/JSEN.2012.2207102 using standard CMOS technologies, including the sensor transducer and its own readoult electronics. The integration of the latter in the vicinity of the sensing part enables the lowering of production cost and the enhancement of sensor performance mainly because of noise reduction. Traditionally used for vacuum monitoring while heated by a constant biasing current, a micro-Pirani sensor converts a pressure variation of the surrounding air into a resistance variation of the heated gauge, since the thermal conductivity of the air is pressure dependent, which affects the steady state temperature of the gauge. Usually the transduction is realized using a gauge made of a material having a high Temperature Coefficient of Resistance (TCR) which converts a temperature variation into a resistance variation. The steady state temperature of the gauge is proportional to the heating power (in Watt), so are the gauge's pressure dependent resistance variations, on a first order. As a result, the gauge's sensitivity is proportional to the heating power, which is proportional to the square value of the heating current. In the case of low-power consumption requirement, which is common place for micro-systems, the available current to be fed into the gauge is limited which affects both of the device's sensitivity and resolution, since the signal-to-noise ratio is proportional to the device sensitivity.
The resistance variations are monitored by a conditioning and measurement circuitry [1] - [4] . When the micro-Pirani is put inside a resistor-bridge and when the bridge is initially perfectly balanced, the output of the bridge is mainly proportional to the resistance variation of the gauge. However, many imperfections of the real device can introduce performance losses. For example, the unbalancing of the bridge due to devices dimensions dispersion or a reference voltage drift, induce an offset voltage at the output which affects the resistance variation measurement. This problem is usually dealt with dynamical balancing of the bridge through a monitored resistor self-test method [5] , [6] which consists on the self calibrating of the device. These self calibrating methods are producing an incremental counter-offset which can not eliminate it perfectly due to the quantization error and the range of the offset rejection is also limited.
On other hand, much recent achievements in micro-Pirani device lead to provide micro-sensor allowing pressure measurement in the atmospheric pressure range [1] , [2] , [4] . Thanks to the micromachining possibilities, this could be achieved in reducing the thickness of the gas layer surrounding the sensor in the sub-micrometer range in order to shift the range of measurement towards the 1000 mbar range. These previous sensor are working using the steady state signal of the Pirani gauge.
On the opposite, a recent study [7] observed that the transient response of a macro-Pirani gauge features a significant sensitivity inside the 30 mbar to 1000 mbar range. The gauge used was initially designed for measuring high vacuum since the gaseous layer was 16 mm thick. As it will be seen further, the steady state signal of such a gauge would be non-sensitive inside this pressure range, whereas the transient signal of this gauge became pressure sensitive. This paper investigates for the first time the experimental processing of the transient response of a micro-Pirani gauge. One a first hand, the transient response helps to provide high resolution pressure measurements from an offset-free signal, because it enables the measurement of both the gauge resistance when it is cold (initial state) and when it is heated (steady state). Using a digital sampling and a recording of the transient response of the output of the bridge, any offset occurring can thus be eliminated by digital post-processing thus magnifying the unbalanced bridge sensitivity and features a self calibrating of the device. A digital identification of the sensor's transient response can be performed on the offset-free signal to further enhance the measurement resolution. This paper particularly investigates the use of a fast identification technique based on the use of an Auto-Regressive Moving Average (ARMA) model to get a good noise resolution at a low hardware cost. The investigated post-processing methods are compared altogether at the end.
On a second hand, thanks to the ARMA identification of the transient response, we investigate a novel pressure measurement based on the sensor's transient response in order to reach pressure measurement near the atmospheric pressure.
This paper is organized as follow: first, we describe the considered sensor, its conditioning and its transient response to a current step (Part II). Following the theoretical description of the performance enhancement obtained with the ARMA filter (Part III), we will present and discuss the obtained experimental results (Part IV) before a final conclusion (Part VI).
II. SENSOR DESCRIPTION
The pressure measurement is performed using a microwire (the micro-Pirani gauge) which consists on a 0.7 μm thick layer of polycrystalline silicon, covered by a 0.5 μm thick layer of silicon oxide and by a 1.5 μm thick layer of nitride passivation layer respectevelly. The gauge length and width are 1 mm and 40 μm. The gauge is released from the silicon substrate and it is suspended over a d = 300 μm thick gaseous layer as shown on " Fig. 1 ". Biased by an electrical current, though the conductive polycrystalline layer, the micro-wire acts as a heat source due to Joule effect. Besides substantial thermal losses at the anchors of the microwire, losses occur across the surrounding gaseous layer by conduction, convection and radiation. These losses result in a lowering of the gauge temperature which affects its resistance. As a matter of fact, the micro-wire will grow hotter as the pressure in the surrounding atmosphere is lowered. This section will first summarize the key sources of error of a micro-Pirani gauge when it is traditionally processed. In a second part a theoretical background of the transient response of the sensor will be shortly given.
A. Sources of Error in the Case of a Steady State Measurement
As shown in "Fig 2" , the pressure dependent resistor (R 1 ) is placed inside a resistor bridge, completed by a reference resistor (R 2 ) which is the same micro-wire except that it is not suspended over a gaseous layer and is directly in thermal contact with the substrate. A Low Noise Instrument Amplifier (LNIA) with gain G L N I A enables the reading of slight changes of the voltage divider's output formed by R 1 and R 2 .
The formula for the output voltage V out is given by
and the resistor bridge is said perfectly balanced if both R 1 = R 2 and V re f = V cc /2, so that the output voltage is null. One may notice here that the output signal of this type of bridge is strongly independent upon the ambient temperature variations if R 1 and R 2 are fabricated with the same material (i.e. their TCR is the same).
Assuming that the reference resistor (R 2 ) is in perfect thermal contact with the substrate (i.e. its temperature is set at ambient temperature and it will not be heated by the current feeding), and that the bridge is initially perfectly balanced, the steady state resistance variation due to the heating δ R 1 steady R 1 results in an output voltage
The half Wheatstone bridge is in fact very difficult to balance perfectly. First, the fabrication of the micro-sensor requires the transducer resistor (R 1 ) to be released from the substrate, which may slightly narrow its resistive layer during the etching process and thus can change its nominal resistance value, leading to a non-negligible mismatch between the two resistors δ R m . Second, an unexpected offset δV re f , due to a drift of the reference voltage or the input offset of the LNIA would also lead to an extra offset voltage at the circuit output. The overall offset voltage V of f would be given by, assuming
This resulting offset voltage may be much higher than the measurement voltage calculated in (2), especially if the power consumption allowed to the gauge heating is limited (i.e. δ R 1 steady is very low). This is a major source of error which affects the correctness of the pressure measurement.
Another source of error is the intrinsic noise in the sensor's output signal which is governed by both thermal noise of the resistive parts of the bridge and by the noise sources of the amplifier. These sources of error will affect the measurement resolution.
B. Transient Response
Since this study investigates the transient response of the pressure gauge as an easy way to achieve a rejection of the offset voltage, the following part will give a theoretical background concerning the transient response of the sensor.
When operating in vacuum, thermal transfer by convection can easily be neglected since it is mainly proportional to pressure. Lowering the heating power consumption of the gauge being a major concern of this work, the heating of the micro-wire will be kept low enough so that radiant losses can be neglected. The remaining sensor's thermal losses are hence principally due to thermal conduction at the anchor and across the surrounding gaseous layer, mainly towards the substrate below acting as a heat sink kept at the ambient temperature T a . This thermal loss is strongly pressure dependent inside a bounded range of pressure and is the key physical principle behind the (micro-) Pirani gauge. The following part will shortly describe the transient heat conduction problem for the micro-wire with self heating due to Joule effect.
The excess-temperature in the system θ(r, t) over the ambient temperature T a satisfies of the following heat conduction boundary value problem:
where ρ, c P and k are respectively the density (in Kg.m −3 ), the specific heat (in J.Kg −1 .K −1 ), and the thermal conductivity (in W.K −1 .m −1 ) at the space coordinate r, t the time and g the heat generation (in W.m −3 ). Given the shape of the micro-wire, one may rewrite (4.1) in the following form:
where i = 1 if the coordinate r is inside the micro-wire medium, i = 2 if r is inside the gaseous medium, ∇ 2 being the three dimensional Laplace differential operator. The heat generation inside the micro-wire is given by g 1 = R 1 .i (t) 2 /vol, i (t) being the current (in A) driven alongside the micro-wire and vol its volume (in m 3 ) and g 2 = 0. The transient resistance variation of the gauge δ R(t) is given by
where α(T a ) (in K −1 ), is the TCR of the gauge evaluated at the ambient temperature T a (in K) and θ 1 (r, t) the mean value of the excess temperature inside the micro-wire (in K). It can be shown that when the gauge is heated by a step current i (t ≤ 0) = 0 A and i (t > 0) = I 0 , the transient resistance variation δ R 1 (t) is of the following general form:
where β n and G n are sets of parameters that are all pressure dependent. The interested reader will find more details concerning the calculation of G n and β n and the heat conduction equation studies in [8] which is far beyond the realm of this paper. However, is has to be notified that the transient signal of the heated micro-wire is a linear combination of eigenmode just like it is for vibrating strings, except that the partial derivative problem is of a different nature. For the microPirani gauge used in this study, the amplitude of the first mode G 1 is much greater than the other one, so that the transient resistance variation δ R 1 (t) given by (7) could be simplified by the following:
where δ R 1 steady is mainly proportional to R 1 I 2 0 , besides of its pressure dependence.
The steady state is reached when ∂θ(r, t)/∂t = 0, so that (5) becomes
and the only physical parameter of (9) which is pressure dependent becomes the thermal conductivity of the surrounding gas k 2 . Its variations with respect to pressure dependence are shown in " Fig. 3 ". The dependence of k 2 with respect to the pressure is of the following form: where p and P t are respectively the ambient pressure and the transition pressure (in Pa), d is the thickness of the gaseous layer separating the heated resistance and the heat sink, a 1 = 14.33 W/m 2 /K 1/2 /Pa and a 2 = 3.139 10 −2 Pa.m being thermodynamics constant detailed in [1] , [2] . The transition pressure P t gives the pressure at which the Pirani gauge is the most sensitive, explaining that reducing the gas layer thickness shift the sensor's range of measurement toward the atmospheric pressure. As a matter of fact, a Pirani gauge is based upon the pressure dependence of its steady state resistance variation δ R 1steady = δ R(t → ∞). Since δ R 1 (t) is varying from 0 to δ R 1steady , it is possible to use the transient response starting value of the bridge output, which is not pressure dependent, as a signal reference for the measurement of δ R 1steady , which is strongly pressure dependent.
This second section introduced that a strong common mode rejection would be necessary to achieve measurement correctness while measurement resolution is dependent upon noise rejection. It also put forwards a theoretical background concerning the physical principles involved in both the transient response of the sensor and the pressure dependence of its steady state.
III. PERFORMANCE ENHANCEMENT
This section deals with the signal processing used to improve both the correctness and resolution of the pressure measurement. The first part details how the transient response is an easy way to achieve the expected common mode rejection. Thanks to the transient response shape of the sensor, the second part shows how an ARMA modeling identification of the digitalized sensor's response enables a powerful noise rejection while improving the common mode rejection.
In order to achieve such a processing, the half Wheatstone bridge is followed by a 16-bit Analog-to-Digital Converter (ADC). The analog to digital conversion of V out L N A (t), noted V out [n] , is next made at the sample frequency f S = 5.12 kHz, where the ADC full scale is V max − V min and the least significant bit is L S B = (V max − V min )/2 16 .
A. Common Mode Rejection
A first post-processing method consists of subtracting the value of the first recorded point to the recorded digital sensor's response V out [n] , giving
which allows a powerful rejection of the nominal offset from the recorded signal. An easy way to achieve the measurement of the pressure P is to use the mean value (i.e. the integration) of the previous signal since it provides easily a substantial noise rejection, giving:
where N is the number of samples recorded.
Assuming that the noise affecting the transient response follows a white noise distribution, and that N 1, one may calculate that the standard deviation of V A (P), is
which is dominated by std(V out [1] ), due to the subtracting of V out [1] from the recorded signal V out [n] in (12).
B. Common Mode Rejection Improvement
According to the previous section, the resolution would be enhanced if the common mode rejection is performed using a subtracting term whose standard deviation is lower than std(V out [1] ), null at best. Since the transient part of the gauge response is very similar to the step response of a low-pass filter, see (8) , the following post-processing method consists of performing an identification of V out [n] with the step response of an ARMA modeling. An ARMA modeling identification enables the reconstruction of an estimation of V out [n] from a very small set of parameters. It also enables a powerful noise rejection. Hence, a subtracting value with a low standard deviation, can be found, improving the measurement resolution, which is detailed below.
Due to (8) , the signal V out [n] can easily be approximated by the following expression:
which is the step response of a first order low-pass filter (i.e. a low pass RC filter), whose gain G(P) and time constant β(P) are both pressure dependent, added to an offset value V of f . The idea here is to get the corresponding digital filter using an ARMA modeling from a parametric signal identification technique. The ARMA modeling is computed using the Steiglitz-McBride algorithm [9] , which calculates the transfer function H (Z ) leading to the output signal from V out [ only, figuring the input step signal. The most general form of
where B(Z ) and A(Z ) are the vectors containing the parameters calculated for the identification of V out [n] . The SteiglitzMcBride algorithm has been specifically chosen due to its low time computing performance. Furthermore, using an approximate value of H (Z ) as an initial condition enables solving only linear equations, without performing any matrix inversion, which is usually too computationally intensive. Due to (8) , the ARMA model is chosen to be of the lowest possible order, hence
The reconstructed transient signal,
, is calculated recursively as follows: 
as demonstrated in [9] , so that
Accordingly to (12), the pressure measurement is based on 
, as demonstrated in [9] . The expected dispersion of the measurement becomes
The expected yield ξ on the resolution with respect to that common mode rejection compared to the previous section would be
IV. RESULTS
This section will experimentally demonstrate that the offset cancellation based on the ARMA modeling identification of the transient response of a micro-Pirani gauge provides a significant improvement of the pressure measurement resolution compared to the offset cancellation based on the transient response digitalization only.
We first decided to record a large set of our sensor's transient responses, samples being shown in " Fig. 5 ", with respect to experimental parameter given in "Table I", in order to extract an experimental physical modeling of our microPirani gauge behavior versus the pressure.
The pressure dependence of both δ R 1steady and 1/β, from (8) , are extracted from recorded data with a non-linear interpolation tools of a Matlab platform, which are shown in " Fig. 6 ".
In order to compare the performance of the two postprocessing methods previously described, the characteristic curves V A C h (P) = V A (P) and V B (P) = V B (P) are obtained from a large set of measurement V A (P) and V B (P) at a single value of the pressure P. They are calculated from (12) and (19) respectively, at a given value of the pressure P and from a large set of δ R m = −3%R 2 → +3%R 2 and δV re f = −3%V re f → +3%V ref . Since V X (P), X = A or B, are both monotonous curves, it is possible to get their reciprocal curve P X (V ), which returns the pressure measured from a given measurement value of V X (P), as is shown in "Fig. 7 ".
The pressure measurement resolution has been evaluated using offline computation based on the gauge's transient response modeling previously described on which an input equivalent noise pattern is added so as to get a signal-to-noise ratio as close as possible to the experimental sensor's transient response.
The input equivalent noise pattern, shown in " Fig. 8 " is made of a 1/ f noise pattern and a white noise pattern. The 1/ f noise is generated from a filtered white noise of sample frequency F S . The ARMA model of this filter is given in " Table II ". The input white noise, with a unity standard deviation, is applied long enough to provide a significant amount of low frequencies. Next, to model the LNIA noise, this 1/ f noise distribution is added to a white noise with a spectral density of 140 nV/ √ H z. The 1/ f noise is previously amplified so that the 1/ f corner is at 20 Hz, which is quite close to the 1/ f corner of the LNIA with gain G L N I A = 100.
The measurement resolution is next calculated from a large set of simulated V X (P), at a single and known value of the pressure P and for a large set of offset V of f simulating a resistance drift δ R m = −3%R 2 → +3%R 2 or a reference voltage drift δV r e f = −3%V ref → +3%V ref . The mean value of the relative error made in the pressure measurement (i.e. std(P X (V ))/P) gives the estimated measurement resolution. Resolution curves are compared together with the best possible resolution performance expected with this post processing method (i.e. when the standard deviation of the subtracting point used in the common mode rejection is null). They are shown in " Fig. 9". A first result is that the resolution of the pressure measurement is strongly independent upon the offset voltage V of f in Fig. 9 . Resolution of V A , V B , and a from (18) versus pressure for a large set of V off . Inset: Magnification of the squared area which clearly shows that the measurement error is strongly independent of the offset value but depends on the offset rejection method.
case of both measurement signal V A (P) or V B (P) as seen in " Fig. 9 ". This demonstrates that the use of the micro-Pirani gauge's transient response is an efficient way to separate the steady state resistance variation of the gauge from a large set of unexpected offset voltage. In other words, the transient response processing provides a powerful means to enhance the correctness of the pressure measurement of the micro-Pirani gauge.
Next, the correctness of the measurement being achieved, the resolution is enhanced by 17 dB at least when the transient response of the micro-Pirani gauge is identified using a low order, low-pass filter ARMA modeling compared to a roughbut achieving -common mode rejection, as can be seen of " Fig. 9 ". This level of improvement is clearly in the order of what theoretically expected by (22).
Another result which was most unexpected could be unambiguously observed in " Fig. 6 ". First 1/β is pressure dependent. Second, it features a substantially shifted range of measurement of the Micro-Pirani gauge, with respect to the traditional monitoring of the micro-Pirani gauge, which only uses δ R 1 steady . The range of measurement and the maximum sensitivity of the sensor are shifted to the atmospheric pressure by more than one decade. Thanks to (17) which is of the form of the computation of an Exponential Moving Average (EMA) step response, it can be shown that
so that the parameter a calculated by the Steiglitz-McBride algorithm could be a natural candidate for a direct measurement of the pressure. Furthermore, a pressure measurement based on a(P) only would spare the computation of both V AR M A [n] and its mean value. However a(P) does not feature a measurement resolution as good as V B (P), as seen in " Fig. 9 ". It is important to notice that the value of a is by principle strongly independent upon the offset and upon δ R 1 steady . However it depends on the sample frequency.
This very behavior of the transient response of our microPirani gauge might not be confused with the observation reported by [7] , whose substantial announcement was that the time constant of the transient response of a macro-Pirani gauge is increasing (i.e. ∂(1/β)/∂ log(P) < 0) inside the 30 mbar to 1000 mbar range, which has not been observed with our micro-Pirani gauge, mostly because the gaseous layer thickness of the Pirani-gauge used by [4] The heating step, the recording and the post-processing of the digital data can easily be achieved by a low-cost microcontroller.
